The absolute magnitudes of a variety of driving forces that could contribute to the plate motion are evaluated, on the condition that all lithospheric plates are in dynamic equilibrium. The method adopted here is to solve the equations of torque balance of these forces for all plates, after having estimated the magnitudes of the ridge push and slab pull forces from known quantities. The former has been estimated from the age of ocean floors, the depth and thickness of oceanic plates and hence lateral density variations, and the latter from the density contrast between the downgoing slab and the surrounding mantle, and the thickness and length of the slab.
Introduction
Since the plate tectonic hypothesis has gained credibility in explaining a variety of geophysical and geological observations, the problem of the driving mechanism of plate motion has become an important subject, and has been closely investigated by several authors (e.g., FORSYTH and UYEDA, 1975; CHAPPLE and TULLIS, 1977; RICHARDSON et al., 1976; HARPER, 1978; DAVIES, 1978; HAGER and O'CONNELL, 1981; CARLSON et al., 1983) . Plate motion may be closely related to the thermal convection in the mantle. Although mantle convection has been investigated with idealized models (e.g., RICHTER, 1973; MCKENZIE et al., 1974; PARMENTIER, 1978; DE BREMAECKER, 1977; CSEREPES, 1982; JARVIS and Mc-KENZIE, 1980) , it seems rather difficult, at present, to understand the driving mech-anism of plate motion, in terms of thermal convection in a realistic mantle, because of the uncertainties in the distributions of temperature and viscosity in the mantle.
On the other hand, the kinematics of plate motion, i.e. the configuration and the velocity of the plate, is now well understood, on the basis of the spreading rate of mid-oceanic ridges, the strike of transform faults, and the slip vectors of major earthquakes (MINSTER and JORDAN, 1978) . FORSYTH and UYEDA (1975) examined the driving mechanism of plate motion, by making use of the kinematics of plates. They estimated the relative magnitudes of plate driving forces, on the assumption that each plate is in dynamical equilibrium, and obtained the following results: 1) the slab pull is an order of magnitude larger than any other force; 2) the slab pull force is nearly balanced with the slab resistance; 3) the mantle drag exerted on the bottom of the plates, which resists plate motion, is much stronger under the continents than under the oceans. However, all the magnitudes of these forces acting on plates have been treated as unknown parameters, so that the absolute magnitudes of these forces could not be directly determined by solving equilibrium equations. Also, in their treatment, slab pull was assumed to be proportional to the length of the trench, but this assumption appears simplistic. CHAPPLE and TULLIS (1977) followed an approach similar to that by FORSYTH and UYEDA (1975) . They estimated the slab pull in advance, using the analytical solution of McKENZIE (1969) for temperature and density distributions in a downgoing slab. They also took account of the focal mechanisms of intermediate and deep-focus earthquakes. It is also stated in their conclusions that the slab pull force is nearly balanced with a resistive force working at subduction zones, although it is not clear whether the slab resistance or the colliding resistance cancels the slab pull force.
The main purpose of the present study is to estimate the absolute magnitude of various forces that could contribute to plate motion and for better understanding of global tectonics, earthquake mechanisms, as well as the plate driving mechanism itself. The major difference of our study from the previous studies is that we estimate the slab pull and ridge push forces as definitely as possible, before solving the equilibrium equations. Since the thermal structure of oceanic lithospheres has been well explained in some models (e.g., PARKER and OLDENBURG, 1973 ; SCLATER and FRANCHETEAU, 1970) , we can calculate the ridge push force, which may be the force arising from density variations in cooling oceanic lithospheres. The slab pull force resulting from the density contrast between the slab going down from the trench and the surrounding mantle is also calculated in advance. Since the slab resistance plays an extremely important role in the net driving force of plate motions, we investigated, in detail, several different types of the slab resistance, such as those exerted along the surface of downgoing slabs and around the edge of the slabs. With these improvements, we shall discuss the results obtained here in comparison with those obtained by FORSYTH and UYEDA (1975) and CHAPPLE and TULLIS (1977 (SOLOMON and SLEEP, 1974) . This approach gives absolute plate velocities that are very similar to those calculated on the assumption that a set of hot spots provides a fixed reference frame (SOLOMON and SLEEP, 1974 
Slab pull
When a cooled plate sinks into the uppermost mantle, the density contrast between the subducted plate or slab and the mantle comes from temperature anomalies, and hence it causes slab pull forces. The density distribution within and around the slab can be determined, if the temperature distribution around it is known. The temperature is, however, controlled by many factors (e.g., MINEAR and TOKSOZ, 1970a, b; TOKSOZ et al., 1971 TOKSOZ et al., , 1973 , for example; average temperatures in the earth, as a function of the radius, adiabatic compression, conduction, frictional heating, viscous heating, radioactive heating, phase transition (SCHUBERT et al., 1975; SUNG and BURNS, 1976) , thickness of the slab, subduction rate, and so on.
In (1975) and CHAPPLE and TULLIS (1977) show that the mantle resistance under the continents is larger than that under the oceans. For this reason, we shall introduce here the continental drag force, which is exerted only on the part of the plate under the continents. The formulation for this force is the same as in the mantle drag force. For continental regions, we consider the sum of these two forces, the mantle drag force and the continental drag force.
Colliding resistance
We assume that, at covergent plate boundaries, colliding resistive forces are working parallel to the direction of the relative motion of the plates. We shall consider here two different types of colliding resistances (FCR1 or FCR2), corresponding approximately to those of FORSYTH and UYEDA (1975) and CHAPPLE and TULLIS (1977) , respectively. The first colliding resistance per unit length of plate boundaries (fCRl) is assumed to specify the force direction, expressed as where Vr is the relative plate velocity. The second colliding resistance per unit length (fCR2) is assumed to be proportional to the magnitude of the relative plate velocity, expressed as
We shall determine if each of the plate boundaries is convergent or not, from the sign of the relative plate velocity at the boundary.
Slab surface resistance and slab edge resistance
The upper mantle provides viscous resistive forces on subducting slabs. There are discontinuities in the seismic velocity structure at depths of about 400 km and 700 km in the mantle. These suggest that the viscosity of the mantle also varies at these depths. ISACKS and MOLNAR (1971) proposed a qualitative model, in which mantle viscosity increases with depth, in order to explain the focal mechanisms of mantle earthquakes. RICHTER (1977) also proposed an idealized model for subducting plates that could best explain the observed velocity of plate motions. He suggested that the distribution of stresses within the downgoing slabs requires that the viscosity in the upper mantle should increase with depth. SMITH and TOKSOZ (1972) showed that the resistive force working on the leading edge of the slab should be three to five times as large as viscous traction applied to the surfaces of the descending plate.
For the above reasons, we assume that there are two different types of slab resistance; the first slab resistance (FSSR), which is the resistance exerted on the surfaces of the slab. The resistance per unit length of the trench (fSSR) is stated as
The second slab resistance (FSER) is considered to work on the leading edge of the slab, below a certain depth. We consider two different slab edge resistances (FSER1 or FSER2). The first slab edge resistance, per unit length of the trench (fSER1), may be proportional to the absolute plate velocity, expressed as 
Suction
The subduction of the slab will induce the flow of the mantle, which yields the force attracting the upper plate toward the trench. Here, we consider both of the following two different situations. The first one is that where the slab is subducting without changing its dip angle and induces the mantle flow. The second one is that where the slab sinks towards the center of the earth and induces the mantle flow. We shall represent the above two situations by the following formulations. In the first case, the suction force, per unit length of the trench (fSC1), may be expressed as
In the second case, the suction force (FSC2) has the magnitude, per unit length (fSC2), expressed as which works in a direction perpendicular to the strike of the trench. In both cases, the suction force is assumed to work in an opposite direction to the absolute velocity of the subducting plate.
Results
The total torque magnitudes of driving forces obtained by solving the equation Fig. 3 . The slab pull forces and the ridge push forces are drawn to be tangent to the great circles, perpendicular to the torque vectors of these forces. (The ridge push force working on the Antarctic plate is shown by a small dot on the southern portion of the Pacific plate, close to the Antarctic plate, because the total sum of the force has been almost cancelled.)
of torque balance are summarized in Table 1 (1), together with their standard deviations, are also given in the above unit, in such a way that the square root of the square sum of the column vectors for the coefficient matrix becomes unity. Forces with a negative sign imply resistive forces to the plates motions. Table 1 is divided into (a)-(f), which correspond to 6 different cases given in table captions. Figure 4 shows the results for the combination of the colliding resistance FCR1, the suction FSC1, the slab surface resistance FSSR, and the slab edge resistance FSER2 (D=500 km), for which the largest variance improvement is obtained from among all the combinations shown in Table 1 (a)-(d). Figure 4(a) shows the x, y, and z components of the torques, of the forces exerted on the plates, arranged from left to right for each plate, and Fig. 4(b) gives the absolute magnitudes of the torques. The obtained values of the torques are summarized in Table 2. 3.1 Ridge push and slab pull First, we shall describe the results calculated for the slab pull and ridge push forces, which were obtained before solving the equation of torque balance, and hence are not affected from combinations of the other forces ( Fig. 3 and Table 2 ). It is found in Table 2 . The corresponding magnitudes for the Indian plate, the Nazca plate and the Philippine Sea plate occupy 26 %, 12 %, and 7%, respectively. The largest torque of the ridge push is the one working on the Pacific plate, the magnitude of which is 25 % of the sum of all the torques of the ridge push forces. The magnitude is 17 % for the South American plate, 16 % for the Indian plate, 13 % for the North American plate and 13 % for the African plate, respectively. The Antarctic plate has oceanic ridges with extended lengths, but the sum of the ridge push is quite small (2 %). The reason for this may be that since the Antarctic plate is surrounded by the oceanic ridges, the total ridge push force coming from the surroundings have been almost cancelled, as suggested by FORSYTH and UYEDA (1975) .
3.2 The combination of the forces with the largest variance improvement Now, we try to determine the best combination of the slab resistances and the depth D, with the largest variance improvement. Variance improvements, defined as 1-ƒ°iƒ°j(ƒ°ka3i+j,k xk+b3i+j+c3i+j)2/(ƒ°iƒ°j(b3i+j-c3i+j)2), are given in Table  1, where xk obtained here is the solution of Eq. (1). It is found that the calculated variance improvements appear to be very large, suggesting that the formulations described in the previous section are appropriate. Table 1(a) gives the calculated results for the models with the colliding resistance FCR1, the suction FSCI, and various combinations of the slab resistances for different depths of D. The variance improvements calculated for different combinations of 1) FSER1, 2) FSSR, 3) FSSR and FSER1, 4) FSER2, and 5) FSSR and FSER2 become successively larger, in this order. The results show that the models with the combination of FSSR and FSER2 are the best ones. Comparison between the slab edge resistances FSER1 and FSER2, shows that the residuals obtained for the case of FSER2 tends to be smaller than that in FSERI (Table 1(a) ). This might suggest that the models with the slab edge resistance FSER2 are more preferable. Differences in the variance improvements between the models with different depths of D are quite small (Table 1(a) ), indicating that it seems difficult to determine the best combination of the depth of D. In the case of D=500 km, however, the largest variance improvement is obtained, as shown in Table 1 (a) (for details, see Fig. 4 and Table 2 ).
Comparing Tables 1(a) and (b), the variance improvements for the former are larger than those for the latter, suggesting that the models with the colliding resistance FCR1 are more preferable Tables 1(b) and (c) show that the variance improvement for the various slab resistances given in Table 1 (a) are not affected, even if we replace the colliding resistance FCR1, and the suction FSC1 by FCR2 and FSC2, respectively.
3.3 Ridge push driving South and North American plates, colliding resistance, continental drag and suction forces From Tables 1(a), (b), and (c), we can immediately see that the slab pull and ridge push forces drive the plates, and that the other forces, except the suction, resist the plate motions. The colliding resistance and the continental drag force are mostly smaller than the other resistive forces. The suction is also small, and in all of the cases discussed here, is almost in the same order as the standard deviations.
One of the remarkable findings from Tables 1(a), (b), (c), and Fig. 4(b) , is that the North American plate and the South American plate, which have short and shallow slabs but long oceanic ridges, appear to be driven by the ridge push force. Table 3 (a), we see that the correlations between the mantle drag force, and the sum of the ridge push and slab pull forces, are very high. This makes it difficult to estimate the magnitude of the net driving force (slab pull-slab resistances) exerted on the lithospheric plates, because small changes in the vector coefficients a3i+j,k, in Eq. (1), would affect the estimate for the magnitudes of these forces. We also see high correlations between the slab resistances and the sum of the above two forces. Therefore, each of the three forces could equally be a resistive force, but it may be difficult to discriminate which one is the main resistance. 1(a)-(d) . To evaluate the magnitude of the stress, we proceeded with the following assumptions. For the following six forces with velocity dependence (FDF, FCD, FCR2, FSSR, FSER1 , and FSER2), we assumed a plate velocity of 10 cm/year. For the colliding resistances (FCR1 and FCR2) , the width of contact area between the two plates was assumed to be 100 km, in the calculations. For the slab edge resistances (FSER1 and FSER2) ,we assumed that the thickness of all subducting slabs would be 100 km, and that the resistance works on the upper and lower surfaces of the downgoing slab. The evaluated magnitudes under these assumptions range from -1 to -2 bars for the mantle drag, -2 to -33 bars for the continental drag force, and from -100 to -220 bars and -160 to -230 bars for the two types of colliding resistances, F0R1 and FCR2, respectively. The slab surface resistance has a magnitude of about -30 to -140 bars, comparable to that of the above forces, while two different slab edge resistances, FSERI and FSER2, have larger magnitudes, ranging from -0.7 to -3.6 kbars and -2.6 to -6.1 kbars, respectively. From the above assumptions, and from possible variations in the many parameters included, it should be understood that the above estimated values indicate only the order of magnitude. Nevertheless, we are able to make the following comparisons. Since KANAMORI and ANDERSON (1975) show that the stress drop for interplate earthquakes is about 30 bars, the above magnitudes, estimating for the colliding resistances, are not inconsistent with this obervation, if the interplate earthquakes releases only a part of the tectonic stress applied to the plate boundaries. The resistive stress of the mantle drag is weaker than that of the slab surface resistance. This suggests that the viscosity under the plate may be smaller than that of the deeper mantle. The stress values of the slab edge resistances indicate that high stress may be concentrated around the leading edge of the downgoing slab.
Discussion
The relative magnitude obtained here for the torque of the ridge push, compared to that of the slab pull, is appreciably larger than that evaluated by FORSYTH and UYEDA (1975) and CHAPPLE and TULLIS (1977) . The reason for this may be that the magnitude of the ridge push was treated as an unknown parameter in the above two studies. It has been confirmed for the model shown in Figs. 4(a) and (b) that, if we take the magnitude of the ridge push as an unknown parameter, the obtained magnitude becomes very small as in the case of the above two studies (Table 1(e)). For this reason, we have taken the ridge push as a known parameter, in order to obtain more reliable estimates. HAGER and O'CONNELL (1981) showed that the magnitude of the ridge push is of comparable order with that of the slab pull, by modelling the mantle as a Newtonian fluid with radially symmetrical viscosity distribution. They attempted to quantify the driving forces, taking into account the density contrast arising from the thickening and the subduction of plates. Although these forces correspond approximately to the ridge push and the net slab pull now in consideration, there are some problems in their treatment, because they assumed the same viscosity in the subducting slab as in the surrounding mantle. For this reason, their results cannot be directly compared with those from this study.
We have shown in 3.4 that the net driving force appears to be smaller than about half of the slab pull force. On the other hand, CHAPPLE and TULLIS (1977) calculated the slab pull force, taking into account the focal mechanism of earthquakes that occurred within the slab. In their calculation, however, most part of the slab pull has been cancelled so that the net driving force becomes very small. To examine whether this result still holds when the slab resistance is included into their forces, we made further calculations. We incorporate the slab resistance working on the surfaces of slabs in the same way as introduced in this study. Because the focal mechanism of earthquakes at depths below 350 km indicates down-dip compression, we assume here that the portion of slabs deeper than 350 km would not pull down the slab. It has been suggested that the focal mechanisms in the Tonga and IZU-Mariana regions show down-dip compression throughout the downgoing slabs. Since the slab pull forces from the above two slabs will have considerable importance on our calculations, we shall consider the following two different cases ; in case 1 the slabs in Tonga region are not included, and in case 2 the slabs in the Izu-Mariana and Tonga regions are not included. The suction force is assumed, in these cases, to be proportional to the product of the trench length and the downgoing plate velocity. The results given in Table 1(f) indicate that a large slab pull force works on the lithospheric plates. This implies that the slab pull force might not be completely cancelled, and that a large part of the slab pull might be transmitted to the horizontal portion of the plate.
We did not consider mantle convection, driven by plate motion. Evidence to justify the above treatment comes from the work done by CHASE (1979) and O'CONNELL (1979) . They calculated the mantle convection in kinematic models, and showed that a better agreement in the magnitude and the direction between plate motions and mantle flows, just under plates, is found for large and fast-moving lates, rather than for small or slow-moving plates. It has thus been confirmed that our formulations for the mantle drag force can be appropriately applied to large and fast-moving plates. We can also see, from the formulation of driving forces in this study, that dominant plates with long subducted slabs, high plate velocity and large area, such as the Pacific and Indian plates, will have controlling effects on the results. Therefore, even if we take the mantle convection into the present calculation, it would not have serious effects on the main results obtained in this study.
There leaves a possibility that the formulations for the colliding forces might not be appropriate, or might be too simple to represent the true physical processes, where these forces are exerted on the plates. It is possible that the collid-ing resistances at the continent-continent boundary, continent-ocean boundary, and ocean-ocean boundary might be working in different ways. Moreover , there could be some difference in the colliding resistance, even within a single plate boundary, because the convergence or subduction rate, and the age of the lithosphere could influence seismic coupling in the subduction zone, as has been suggested by RUFF and KANAMORI (1980), and PETERSON and SENO (1984) .
5
. Conclusions
The main point of the present study, which is significantly different from the previous studies, was to evaluate the magnitude of the ridge push and slab pull forces from known quantities, before solving the equations of torque balance for all forces. We also took into account the slab surface and slab edge resistances.
The conclusions we have obtained from the present study are summarized as follows.
1. The magnitude of the slab pull forces is estimated to be about five times larger than that of the ridge push forces.
2. The magnitude of the slab pull force exerted on the Pacific plate exceeds 40 % of the total slab pull forces. The magnitude of the ridge push force working on the Pacific plate is the largest among the forces exerted on the other plates, but their difference is not so large as in the case of the slab pull forces.
3. There is a high correlation between the mantle drag force and the sum of the slab pull and ridge push forces, which makes it difficult to estimate the net driving force definitely. However, the slab resistances appear to contribute more to cancelling the driving forces than the mantle drag force.
4. The North American and South American plate, which have short and shallow slabs but long oceanic ridges, appear to be driven by the ridge push force.
5. Higher stresses appear, concentrating around the leading edge of the downgoing slabs.
The following conclusions are almost the same as in those obtained by earlier workers, but have been confirmed in this study.
6. The slab pull and the ridge push act as driving forces of the plate motions, and the mantle drag, the slab surface resistance and the slab edge resistance act as resistive forces to the plate motions. The continental drag and the colliding resistances are quite small but also work as resistive forces. The suction force is so small, that it is comparable to the standard deviation. 
